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The invention concerns a digital to analog converter and a method of 
converting a digital signal to an analog signal. 

Digital to analog converters comprise a pluialily of individual sources, 
usually, but not exclusively, 1-bit current sources, which are used to construct an analog 
signal representative of digital ii5)ut code. The resulting accuracy of tiie analog signal 
depends on several &ctors. One of these Actors is the matdung between individual sources, 
which determines flie level at which all sources operate and the degree to which Ihey behave 
identically with respect to each other. This phenomenon is referred to in the art as "mismatchr 
lever. This mismatch level comprises two contributing &ctors: static mismatch and dynamic 
mismatch. Static mismatch is defined as 

individual sources when the digital input code of each source does not change (i.e. is static). 
Dynamic mismatch is defined as the nourstatic behavioral difference between individual 
sources whose digital input code is changed identically with respect to one anotiier. Dynamii 
mismatch is also referred to in the art as "glitch" mismatch. In current high speed (also 
referred to as high fi:equency) D/A converters, where the signal to be converted is also of a 
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high firequency, dynamic mismatch ^ears to be the dominating fector. It is added, that 
where the signal to be converted is of a low firequency, or even static, the static 
an important factor. 



tllKllI 



latchis 



Known techniques for calibrating for mismatch involve the use of selection 
algorithms which have die effect of averaging out mismatch between sourcK. For example, 
US-A-5 406 283 proposes a technique for correcting for minor mismatches between unit 
digital to analog conversion elements in a digital to analog converter, whereby the digital to 
25 analog conv^r conqnrises means for cyclically sdecting successive dif^ent permutations 
of the unit elements for converting each value of the digital signal to thereby randomize 
mismatches between unit elements. Such a cycling means, however, does not address the 
problem of removing or accounting for the rarors in each unit element This system suffers 
firam the disadvantage that, in digital to analog converters comprising a large number of unit 
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elements, as is customaiy. Hie degree to which the em>r associated vrith each element can be 
adequately cancelled is limited. 



5 An object of the present mvention is to provide an alternative scheme for 

calibrating for mismatoh which is improved in accuracy over known methods, and which i 
in particular suited for siq)pression of dynamic mismatch in high speed, high fiequenoy 
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convertors. 



The above and further objects are achieved by the digital aoalog converter as 
defined in claim 1 . Thus defined the converter of die present invention uses a feedback of the 
result of a comparison with a reference to provide accurate mismalx^h cahTmition. TTie scheme 
is appUcable to static mismatch caHhration, eidier separately or in combination. 

The invention is further directed to a method of converting digital to analog 
signals as defined in claim 12 and a mismatoh caUbration unit for a digital to analog 
converter according to claim 15. 



In order that the invention may be more fuUy understood, embodiments 
thereof will now be described by way of example only, with reference to the figs, in which: 

Fig. 1 shows a digital to analog converter according to a first embodiment of 
the pres^ invention; 

Fig. 2 shows the ou^ signal of a digital to analog converter according to the 
present invention; 

Fig. 3 shows a digital to analog converter according to a fiirther embodiment 
of the present invention; 

Fig. 4 shows details of the architecture of the cahTiration circuit of the present 

mvention; 

Fig. 5 shows an example of static caUbration of a conversion element with 
respect to a reference conversion elemrait; 

Fig. 6 shows an exan^le of the duty cycle cahTiration of a conversion element; 

and 
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Fig. 7 shows an example of the switching delay calibration of a conversion 
element with respect to a reference conversion element 



5 Fig. 1 diows a three bit digital to analog converter 1 . The digital to analog 

converter 1 comprises a digital decoder 4, a plurality of latches 8, which are responsive to a 
clock signal gen^ated by clock 6, and a plurality of switches 7, which are responsive to a 
latch signal generated by the latches 8. Each conversion element 9 is provided with an 
associated switch 7. Preferably, the digital decoder unit 4 receives the multi bit digital inpxA 

10 signal, and the set of latches 8, each of which is configured to selectively connect a respective 
one ofthe conversion elements 9 to the output 11, 13, 16 in response to a respective signal 
output by the digital decoder. Preferably, also, each latch 8 is configured to connect its 
respective conversion element 9 to either of a first or a second input IN, IP to the output unit 
11, 13, 16, wherein flie output unit 11, 13, 16 is adapted to conibine the signals fiom the first 

15 and second inputs IN, BP to provide the output analog signal- The conversion elements 

provide an analog signal which is directed, depending on Ihe latch signal, onto a first output 
line 1 1 or a second output line 13 to output node 16. Also provided is a cahTjration circuit for 
calibrating a second conversion element with respect to a first reference conversion element 
The calibration circuit comprises a master switch 10 for selecting between the first and 

20 second current carriers, source selector switches 30 to select the individual currents Ii and I2, 
a direct current (DC) current measurer 12 for measuring the diflFerence between the direct 
current ICp and ICn. The function of the source selector switches 30 is to decouple the 
current sources for calibration, that is, in the illustrated example, 11 and 12, firom the ou^ut 
signal lines 1 1, 13, and couple them to the caUbration circuitry via lines 15, 17 for source 11 

25 acting as reference source and via lines 1 9, 21 for source 12 to be calibrated. The source 
selector switch, thus, enables one source 11, to be distinguished firom another source 12. As 
mentioned previously, the latch signals govern whether the current source is directed onto the 
first or second output line 11, 13. As seen in Figs. 1, 3 and 4, the current generated by the 
current sources, in particular, as shown in the Figs., II , 12 and IREF is directed via one of two 

30 legs depending on the latch signal. The current carried by Ihe first leg of each current source, 
seen in the Figs, as the right hand leg, is referred to as I1+, 12+ or IREF +, respectively, while 
the current through the other second leg is referred to as I1-, 12- or IREF-, respectively. 
Since, the latch signal switches the current fiom either the first leg or the second leg, at any 
one time eilher the first or second leg will carry the current II , 12 or IREF, respectively. 
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whilst lie cuirent earned in the other leg will be zero. With leference to Fig. 1 , the e™t 

earned by line 15 is referred to as I1-. by line 17 as I1+, by line 19 as 12- and by line 21 as 
12+. It is seen in the Figs., that the same nomenclatuie is assigned to the respectively legs 19 

21 of the source to be calibrated 12. For example, the currents carried by the legs of source ' 

number 2. are labeled in Figs. 4. as 12+ and I2-. m the foUowing description, for the sake of 

amphcrty and consistency, it is assumed that if the data signal of a latch is "1". the latch will 

set the switches such that the "+Meg (that is the second leg) carries the source cn^ 
- ' leg (that IS the first leg) carries no current And, therefore, if the data signal is "0" the " " 
leg will cany the source current while the leg is zero. It is not«d that this nomencteture is 
also used, and intended to have the same meaning, in Figs. 6 and 7. 

The difference betv^een the measured DC current levels on the first and second 
output lines is used to determine the static and various dynamic errors between a first and 
second conversion element The difference measured by the DC current measurer is provided 
m the form of a digital signal to a caKbration control circuit 2. ^ch provides, in response to 
&e measured difference, a caHbration signal to the second conversion element so that the 
static and various dynamic errors accomited for are matched between the second and the 
reference conversion element. 

By way of example only. Fig. 1 shows a fltcee bit digits to analog converter is 
constructed to convert digital data 000 to 1 1 1 . To convert three bit digital data to an analog 
signal seven conversion elements 9. shown as II to 17. are required (i.e. 2^-1 conversion 
elements), m practice, it will be understood that the digital to analog converter is constmct«d 
to convert data having a larger number of bits is larger &an three. This is realized by 

providing an ^^ate number ofsources and latches and appropriate conl^^ T^e 
mvention is not limited in respect of the mmiber of bits the data for conversion con^mses. 

In Fig. 1, the conversion elements are current sources. However, the invention 

rs not hmited in this respect, and the conversion elements may also be voltage sources or 
mdeed any gro,„ of elements which function as a source when subject to an appropriate 
signaL Jn particular, that a nominal one bit analog signal is produced ftom the switchmg of a 

nommal 1 bit unit, and that the signal produced can be measured an tuned to be made 
Identical to another unit If other sources are chosen, the architecture shown in Fig 1 is 
adapted appropriately, however, the cahbration circuit as described herein below, follows the 
same principles. For example, if voltage sources are chosen, it is required to measure voltage 
instead of current It is noted however, that when current sources are used, either tire current 
or tile voltage may be measured directiy. 
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If; the sources are chosen to be substantially equal to one 
another, for exanq)le a series of substantiaUy identical unit sources. However, in an 
alternative embodiment, the sources are chosen so that a combination of already cahbrated 
sources are used to calibrate the next source. For example, a series of sources ate chosen 
5 whereby the corrent generated by a source is a multiple, for example double, of the current 
generated by the previous source. Thus for current sources, the current through each source 
doubles each time so that 11= 1 current unit, 12=2 current units, B=4 current units, 14=8 
current units, etc. This binary architecture has particular appUcation to digital to analog 
converters. In this particular embodiment; a reference source is also provided, wherein the 
10 current througih the reference, Iref =1 unit The reference source is then used to caUbrate the 
source 11=1 unit Once II is caUbrated using IREF, Has combination of IREF and II is used as 
the reference source IREF2 to cah1>rate, 12, which generates a current of 2 units. And 
subsequently, a combination of IREF, II and 12 is used as the reference source ffiEF3 to 
cahT>rate D, which generates a current of 4 units, and so on, until the largest current source is 
IS calibrated with respect to the other sources. 

The present invention is applicable to any digital to analog converter 
conqjrising a series of theoretically identical sources, which are not completely identical in 
practice, and therefore require caKbration. Thus, the present invention has appUcation to 
conventional, that is Nyquist converters, and also sigma delta type converters, in particular to 
20 the D/A converters conventionally used in the feedback loop. 

With reference also to Fig. 4, conversion element selection logic 4, 8 is 
provided to select the conversion element and the location to which the conversion element 
dkects its ou^ut The conversion element selection logic preferably comprises a digital 
decoder 4 and a latch 8. The fonction of latch 8 is to drive switch 7 into one of two positions. 
In a first position, the latch causes the switch 7 to direct the current (or voltage if voltage 
sources are used) via contact 3 into a first leg I1+. During normal operation, ^en this source 
is not calibrated, this leg is connected to the first output line 11, which carries current IP. 
During cahTjration the source selector 30 connects this leg 11+ to the master switch 10. In a 
second position, the latch 8 causes the switch 7 to direct the current (or voltage if voltage 
30 sources are used) via contact 5 into a second leg I1-. Again, during normal operation, this 
second leg is connected to the second ou^ut line 1 3 that carries current IN. And during 
caUbration this second hsg II- is connected to the other side of the master switch 10. The 
latches 8 aUow the current to flow through the one leg 11+ or the other I1-. Hence, the 
selection of the latches determines the analos outout of the mnv^*^ ti,* ai^*,^i a. j 
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the basis of the ii„ut digital data, deteimines how each source should be switehed. Tt^ latch 
conlrols the actual switching moment, since it is important that all switches to be switched 
switch at substantiaUy the same moment in time. Tbe dynamic calibration signal generated by 
the caUbiation circuit 2 is provided to the latch 8. The output on the first and second output 

hues IP and m. respectively, is equal to the analog signal current IP and its complem^ 
Thus, the analog ou^ut signal is the difference between the cuirent on the first ou^ut line 
and the current on the second output line, that is IP-IN. 

The master switch 10 is a double switch comprising two switching elements 
as shown and described in more detaU with reference to Fig. 4. Both switching elements ar^ 
controUedby the same signal. The master switch 10 is used to exchange the currents that 
flow through ICP and ICN. In a first switching position, also referred to as the W 
position, or mode 1. both switching elements are directed such that ICP carries the current 

fr^ source IREF while ICN cames the current fiom In. hi a second switching 
referred to as the " 1 " position, or mode 2, both switchmg elements are dhected such that ICP 
cames the current ftom source hx whUe ICN carries IREF. It is noted however, that this also 
depends on the position of the latches. Preferably, for opthnal operation of the caUhration 
circuitry, it has been found that it is unportant that the latches 8 of the sources 11-17 that are 
cahbrated and the latches 8 of the reference sources IREF are such that the sum of the 
caUbration currents flows through one leg of the master switch, either ICP or ICN. while the 
sum of Ac reference currents flows through the other. The master switch 10 is further 
comiected to the DC current measurer 12. Thus, at any one time, one leg of the DC meter 12 

IS comiected to the reference sources while the other is connected to the sources to be 
cahbrated. The fenction of the master switch 10 is described in more detail with reference to 
Figs. 5-7. 

The DC current measurer 12 preferably comprises a current measurer and an 
analog to digital converter to generate a digital signal on the basis of the measured curr^t 
Preferably, a sigma delta analog to digital converter is used. Ihe master switch 10 detemimes 
the mput to the DC current measurer so that ofl&et and measurement time do not have to be 
takai mto consideration in the cmrent measurement As offset and measurement time are not 
fectors m the current measurement, tins aUows accurate current measurement to take place 
The DC current measurer 1 2 is described in further detaU herem below with reference to 
Figs. 4-7. 

As mentioned tiie digital ou^ut ficom the DC current measurer 12 is provided 
to a cah-bration circuit 2. The cah-faration circuit 2 mcludes logic elements which generate a 
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signal to conect tlie signal source. The calibration signal is supplied to the conversion 
element to be calibrated 12 and preferably also the reference element II . Li a particular 
embodimoit, the calibration signal is provided to a correction circuit 20. The correction 
circuit 20 may, for example, con^rise a low pass filter with an adjustable parameter. For 
5 example a resistor-capacitor (RC) filter may be provided, wherein the capacitance or 

resistance is variable to provide an adjustable time constant In a discrete signal domain, Uie 
low pass filter acts as an adjustable delay that can be placed at the ou^ut of the latch of the 
conversion element to be calibrated. In this way the resistance is changed discretely, for 
example with a binary code generated by the calibration circuit 2. The binary code is 

10 provided to a resistor bank, whidi is a series of resistors in parallel, that are selected 

individually by a switoh in response to the binary code. The bank of resistors may include 
resistors having different sizes, however this is not essential. In an alternative embodiment^ 
the correction circuit is not necessary, and is dispensed with. In the alternative embodimrat^ 
the DC level of the signal source is not addressed by correcting the individual source to be 

15 calibrated. In the alternative embodhnent, the net error of aU sources is digitally calculated by 
the calibration circuit 2 for eadi data sample, including error calculations for the static and 
various dynamic errors, and generate a calibration signal which acts on an independent set of 
sources (not shown) to cause the independent set of sources to generate a signal equal to the 
calculated net error which is subtracted fijom the set of sources II -17. 

20 When calibration is carried oul^ and how frequently it is carried out will 

depend on tlie particular appUcation of the digital to analog converter. In one embodiment, 
calibration is carried out once during start vqp, that is whrai the power is turned on. 
Alternatively, however, depending on the circumstances, it may be necessary to carry out 
calibration at more fi»quent intervals, for example, every second, minute or hour, depending 

25 on the particular application. In the embodiment shown in Fig. 1, the digital to analog 

converter is not operational during calibration. This is also referred to as "oflOine" caUbratiom. 
However, in the embodiment shown m Fig. 3 cahbration may be carried out whilst the 
converter is fiinctioning. This is also refmed to as "online" calibration. 

Fig. 2 shows the output signal of a digital to analog converter accordmg to the 

30 present invention. As mentioned above, the output signal of the digital to analog converter is 
equal to the difference between the current carried on the first ou^t line 1 1, carrying current 
IP and the second ou^ut line 13, carrying cunent IN, i.e. the output signal fi:om ou^ut 
teiminal 16 is IP-IN. In Fig. 2, the output signal (EP-IN) in for instance milli An^jeres is 
plotted against time. In Fig. 2, the current sources used to generate the output signal are 



PHNL030568EPP 



^ 18.06.2003 



10 



15 



that IS I1=I2=...I7- 1 milH Ampere. 

^ p^vde an -n^^Bn^^JBcrrleiiy^^^^,,,,^^^ 
whH* of to coave^Km den^ol, ^ ^ ^ ^^^^^ 

.ten».«. «^ is «pal to to decto.! vrt« <rf to aigital ^ 

wtaoh ™ no. ,o fc. .Witched to to analog signal ou^m ,i« U « s^ 

,»o™i.tooon,pI««nt.ftoan.Iogsignalcu™n.INontose«».o«,pu.linel3 Into 

T™'?" '■'^^*'^'^'^">^'"«»'"ndono.an«,.a« switched ,„ 
«her to fl« or to second outpa. to. Ms is no, howe™ 

hooanse It produces a constantload on to power snpitfy. 

"Fig. 2. in normal operation, to digital innm 

CO* 000 causes digits, decoder 4 .„ genera, a signal ,0 eadi latch 8 associated L 

«ch source n .,7 to diiec. cur^n. to to second ontpu, iin. DJ. TOs is achieved hy s„i«h 7 
n»™g to to right m Fig. 1 to conttc. with co««* etanen, 3. 1, will bo undenaood. 
Wver. tot in cahT-ration nK«i^ to «»ce sel«^ 30 m calibration p^^^ 

.hec,n«nts.ohedeco.^ftomINandIP.«ide«=,ibedabovewi,hrcftr«KetoFig 1 1,1. 
2U mode or calibration mode. 

m normal n»de, with to ™*ch 7 moved to right in Fig. cu^nt 
souicegenenue. 1 mim Ampe,. of current Ihus. s, output tenninal .6. to c„™., 
earned on second output lh» ,3. IN i. e<n^ „ 7 mA. and to cun«« 

ou^ hne 11. IP is 0 mA. for digital input code 000. to ou^ dgnal i. -7 mA 

ff-lN-5 mA. The s«ne principle to digits! h.p« codes 010, Oil, loo. 101. 1 10 and 

lll-So fer example, to digital decoder 4 genar«..iiom digital input code 111 asigualto 

7n T curren. fiom au conversion 

^ments 11-17 to tofirs.«u*u,iine 1, u,fi^c„™„,^^..n^^.^^ 

Uusis achieved by latch 8 causing ^iw. 7 to move to to left to contact Clemen. 5 ' 

:^«°'"»-»fi<-I'*2.«'in.^.0.adigi.aIm,»„codeof000produce,an 
ou*u. Of -7 milU Amperes. A. tim^ «. a digital input code of 001 produces output f -5 
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mA. At time, 12, a digital input code of 010 produces an ou^t of-3 mA. At time, t3, a 
digital iiqjut code of 101 produces an ou^ut of 3 mA. At time, t4, a digital input code of 1 1 1 
produces an output of 7 mA. 

The results shown in Fig. 2 are obtained using an analog to digital converter 
which has been caUbiated using a caUbration circuit according to the present invention. It is 
seen that, in particular, there is no delay between tibe switching of the conversion elements at 
times, t=tl -t4 and Ihe attainment of tiie appropriate output signaL Hiis is in contrast to 
conventional digital to analog converters where a delay is seen between the switching of flie 
elements and attainment of the appropriate output signaL It is understood that such a delay 
leads to one particular type of dynamic mismatch. Thus, ftom Fig. 2 it is seen that the 
problems associated with dynamic mismatch in conventional converters have been overcome. 
The cah-bration of the converter with respect to static and dynamic mismatch is descnTied in 
more detail with reference to Figs. S-7. 

Fig. 3 shows a digital to analog converter according to a furflier embodiment 
of the present invention. Those elements in Fig. 3 having the same reference numerals as 
those shown in Fig. 1, are not desmbed again with reference specifically to Fig. 3 unless 
details diflBsr 6am those discussed m Fig. 1 or aspects thereof are expanded upon. In the 
embodhnent shown in Fig. 1 "off-line" caUbration takes place, that is die source that is to be 
cjdibrated is taken out of normal operation (off-line). In the embodiment shown in Fig. 3 
caHbration is permitted to take place which allows nomial operation of the digital to analog 
converter to continue during caUbration. So, although, the caUbration shown m Fig. 3 is not 
strictiy "on-Une", because the source being cahlnrated is not available for normal operation, 
operation of the converter is allowed to continue due to the presence of a temporary source 
ITEMP, as described below. 

In the embodhnent shown in Fig. 3, a reference conversion element IREF is 
provided against which conversion elements 11-17 are caUbrated. In die particular, 
embodiment shown reference conversion element IREF is bemg used to caUbrate conversion 
element 12. An additional conversion dement ITEMP is provided together with an associated 
latch. Further, digital decoder 4 is provided with a circuit to detemune which of the 
conversion elements is bemg caUbrated and to forward the digital control signal instead of to 
the conversion element 12 bemg caUbrated to the temporary conversion element ITEMP in its 
place. In this way. the operation of die converter continues unintemipted by the cahTiration 
procedure. It is noted that die referraice conversion element IREF is not essential to fliis 
embodiment Indeed, as discussed above witii reference to Fig. 1, any one of die conversion 
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el^ n.I7 xMy used as to ele»«« ^ 4, ^ 

oaUh^tei It is not neoessary to proWde <m addifion.1 refe«m:e element de^ 
calibraa<m alone, m flls case howe«r, to aUow «»,al ope,«ion of fte digitrt to analog 

c^verter to contoo dnring ealib^ion of a «,„.«, two tempon^ elcn^nt. a., 

(tl« s«x»l of ,rfieh fa not sh^m fa Fig. 3) to rqtee li«>se wMch a« tavolTOj wifl. fl» 
c.lil™.ion at any one lime. P„«her, the digiM decoder fa aaanged to provide fte digial 

code to the aH,rop,iate1en,ora.y conversion ebn«nts. in cdi^Mi^ ^ 
sonrc. selector 30 sdecte leg. 1 5. 17, 1 9. 21 so tot the enrrent carried on firs, leg ,5 
aspect to to reiWe source fa KBP.. on sec<»d leg 17 is nffiP.. and vri* 
to source to he caUhnaed 12. to current c«ried on to flm 1^ fa ,2+ and to second leg 



^ °f aicWtec^ue of the caMmrti^ 

mvenfon. Itose elemenis in Fig. 4 havi^g the san. ^^^ee numerals as those sho^ in 
Fxg. 1 are not described again vdlh refeienee specifically to Fig. 4 unless details di^ from 
^ose discussed in Fig. 1 or aspects thereof a,e e^anded ^on. Conversion elements In and 
IREF are shown, wherein conversion element Jn is calibrated with respect to conversion 
element IREF. m calibration mode, the first output line IN. of conversion element In is 
connect^tothefirstoutputlineIREF.ofconve«^^^ 

m-. IREF- are smularly comiected. A source selector 30 is provided. The function of the 

source selector 30 is to select whose ou^uls of which sources are directed to the master 
switch 1 0. Thus, in the embodhn^ shown in Fig. 4. the selector switch 30 se^ 
ou^uts of convendon elements In and IREF. for input to master switdx 1 0. ft will be 
understood that subsequent to cahT«ation of conversion element m. the selector element wiU 

selecttogetherwithIREF.In:fl.etc until thenecessaiyelementshavebeenc^ -^e 
source selector 30 is arranged to select both the first and second output lines IN+ IN- ' 
IREF+. IREF- for each source selected. The master switch 1 0 has two modes. In L fiist 
mode, as ^own in Fig. 4 both switch element. 17 are in the left hand position, h. the second 
mode, both switch elements 17 are in the right hand position. 



elow conpises three 
calibration control sii 



digi W caUtaadon logic on to basfa of to DC cu^tt dift^nce n^asured on to 

W of to master switoh selection, fa provided vi. feed back to to conversion element In. 
The dynamic calih.«ion comprfae, su«es: eaUbrrton of to duiy cycle of to con«^ 
elemem to be cahW ™d. «speot to to reference element and ealitaation of to 
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switching delay of the conversion element to be calibrated wilh respect to the reference 
element Each caUbration gives rise to a dynamic calibration conlrol signal 19 which is 
provided via feed bade to flie respective latch 8. The <fynamic caKbration conlrol signal 19 
thus conqjrises two components: the first representing duty cycle caUTwation and tbe second 
r^iresenting switching delay cahTjration. It is noted that Fig. 4 shows the embodiment where 
each conversion element and latch is corrected individuaUy. However, the invention as 
mentioned, is not limited in this respect, and alternative embodiments provide for 
determining the net error and using a set of independent conversion elements to subtract the 
net error fix>m the overall ou^ut of the converter. 

Fig. 5 shows an example of a static caUhration, referred to as the first stage 
hereinabove, of a conversion element with respect to a reference conversion element In this 
first stage, the DC current 12 is caHbrated with respect to the cun«it IREF. As mentioned, 
IREF is the DC current measured in the refer^ce source, which may be II, but is not 
necessarfly. The switches are set so that the DC current meter measures the currait difference 
and the caUbration logic acgusts the source under caUbration so that the measured current 
difference is mimmized. In Fig. 5, three graphs are shown a)-c). Each graph is a plot of DC 
current measured (y-axis) against time (x-axis). hi the left hand side of each graph the DC 
current measured wbea the master switch is set equal to zero is shown. When the master 
switch is set to its "zero" position, this arrangement is refened to herein below as mode 1, 
M 1 . In the right hand side of each graph, the DC current measured when the master switch is 
set to its "1" position. When the master switch is in this position, tiiis arrangement is referred 
to herein below as mode 2, M2. It wiU be understood with reference to Fig. 4, tiiat the master 
switch is in its "zero" position, when botii portions of the switch 17 are m contact with 
contacts 21, and that tiie master switch is in its "1" position, when both portions of the switch 
are in contact with contacts 22. 

In particular. Fig. 5 shows how tiie present invention measures a DC current 
offeet error, len:. In graph a), the DC current measured in the IQ circuit (or leg) is plotted 
against time. It is seen tiiat in mode 1, tiie DC current measured in tiie ICp circuit is equal to 
IREF and in mode 2, it is equal to 12. In graph b), tiie amount of error ofifeet in flie DC 
measurer, len:, is shown as a feint continuous line. Further, tiie graph b) shows tiie DC 
current measured in tiie ICn circuit (or leg) plotted against time. It is seen timt in mode 1, tiie 
DC current measured in tiie ICn circuit is equal to 12 plus lerr and in mode 2, tiie DC current 
measured in tiie ICn circuit is equal to IREF plus lerr. In tiie gr^h c), tiie difference between 
tiie DC currents measured in tiie ICp circuit and tiie ICn circuits are shown, ICp minus ICn. 
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The difference betveeen the DC cunent betv^een the ICp and the ICh circuits in mode 1 is 

equal to KEF nnnus 12 nnnuslerr. and in mode 2. the difference is equal to E-^^ ft 
has been found that by detemnning the differ between the current 
modes, the oflfeet error. lerr. is cancelled out. and that the difference between the modes is 
equal to two times the difference between IREF and 12. This is demonstrated below: 

M1-M2 =1REF-I2-Ierr-(I2-IREF-Ierr) 
=2(IREF-I2). 

wo an <«« «™r can be renu^ed. I. is ^ted in tf» e«„^ d««dl«d 

w.fl. «fa«» to Fig. 5. to offl«. e^r wa, intoKtaced into one leg only (i.e. to 1C« leg) 

H<™^.toinvendonisno.linn«din«aresp«=t.„di,wiEbennd™too^ 
««toh«»ordingtotopresen.inven«onft«aon,to,«nov.offiet«^ 

leg(..e.toIC,leg)ortodi»rencetetweentott,leg..Wifl,ie^tog,^o) i,is 
commented tot to minus lOT is shown aa a feint continuons line. 

lTie,^™nuccaliT«ationisnowdeseribedwifcieferencetoFigs.6and7 As 
menuoned. to, second s.^ p^ty eon,^ wifl. re^ to to 

duty cyde *<>™ ^ Fig. 6 «,d wifl. «pec to to delay as shown in Fig. 7. U should be 
.».ed. in genetal. ttat to dn^r cycle cahT»«ion n^le, described beto^^ 
reference source. Cah^nuion of to duly C5^ only . ^ 

cahb^ted is provided and lo<*.d a., refa to Fig. 6. Hence, in to duly cycle calitaation 

mode, to sonn» sd«aor switch to to reference so„n« is also not required, and ttaB 
1-fer.bly in duty <^ calibr«ion rr^le. to ^urce selector swi^ 

ta» (not sho^.). As. ftrto, general comn»nt. it is added lh« to stttic and *namie 
«d.b.ndon. to resuh of e«* c.hT,,nd„n is recnured to to allowing step 

For e«n,le, to .e«* of to st^ic cslih«ion is required to to cah-braion of to dun, 

C5^1e. end to result of to caUhration of to duQ, cycle is re^ to cah-bmtion Of to 
dday. F.. ectopic, once to static nnsn^toh is now. to d«y eycb n»y only be 

to s.gn.1 to to now la>own static nnsnutoh is corrected. Agmn. this n«y be done by «idi^ 

to .tatre co,«,tion dgnal to to so«ce tha, is being cah^ratod. A*en«ively. this tosy be 

^ed out 1^ to digital cahWon logic 2. For exanipb. once to static nusto^ch is taown^ 
to onsmatch may be input to to digital caUb«ion logic, so tot if a signal is measu»d. to 

htowr. mismatch representing to «ror mv be digitally subtracted fern to measur^i signal 
to yeld to desired signaLIn a simitar once to duty <ycleenoristaown.it too may 
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be ii^ to the digital calibration logic 2, which will then account for this error in calibrating 
with respect to the dsAay. 

Fig. 6 shows an example of ifae duty cycle calibration of a conversion element 
with reqiect to a lefraence conversion element As for Fig. 5, Fig. 6 shows three gc^hs a)-c) 
where a DC offeet error, lerr, is present in the ICn leg. Each graph a)-c) is a plot of coirent 
measured (y-axis) against time (x-axis). On the left hand side of each graph the current 
measured when the master switch is in its "zero" position. As above, this arrangement is 
referred to herein below as mode 1, Ml. On the right hand side of each graph, the DC current 
measured when the master switch is in its "1" position is shown. When the master switch is m 
its "1" position, this anangement is referred to herein below as mode 2, M2. The minus value 
of the DC of&et error, -lew, is shown as a twA continuous line. 

It is seen fix>m Fig. 6 that the duly cycle of currmt source 12 is not even, that 
is, although, the input data is 010101..., the current source 12 is in one position, I2+, for a 
longer duration than it is m tbe other position, I2-. When averaged over time, this leads to a 
DC error. It has been found that once the o£6et error, letr, has been removed using the 
technique desraibed above, the DC error resulting ftom the duly cycle error can be measured, 
and a caUbration signal derived on the basis of the measured error. Preferably, although it is 
not essential, the data stream for the source to be calibrated is changed continuously 
(010101010...). The average DC ou^ut current is measured twice by the DC current 
measurer. Once for the master switeh in each of its positions. The difiFerence between these 
two results, that is M1-M2, gives the duty cycle of the source to be calibrated, without taking 
account of the DC offeet error, lerr. Once the duly cycle is known it can be changed in 
various ways. In one embodiment the threshold of the clocked data signal in tiie latch is 
changed. For instance, if the threshold of the foUowing circuitry (that is the circuitry 
responsive to the clocked data signal) is increased, it will take sUghHy longer for this circuitry 
to detect a low-to-high change m data signal while at the same time it wiU take sUghtly less 
time to detect a hig^-to-low change in data signal. 

For example, in graph a) shown in Fig. 6, the current in the ICp leg is 
measured. In gr^h b), the current in the ICn leg is measured. It is seen that at time, 1 1 , the 
current measured is that of the maxunum of the longer duration position, I2+. At time, t2, the 
current measured is that of the minimum of tiie loiiger duration position. I2+, plus the oflfeet 
error, lerr. At time, t3, the current measured is that of the maximum in the position which is 
held for a shorter duration, I2-. At time, t4, the cucrent measured is that of the minimum of 
the shorter duration position plus the o£Eset error, lerr. The graph c) shows the difference over 
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«n= of *e ou„«., me^ in IC, teg ««1 to ICk tefr Line 60 stows tt« 
(PC) d««ence b«ween li» curratt m««„«d in fte ICi leg ^ to IC„ teg i„ „^ 1 

to 61 sh<™» to DC diffe,^ W«, to caneo. measu^d in to IC, leg and to IC. teg 
m mode 2. 1, ha. been found tot to difeence beftreen to DC di»,cnc. m=asa,«, in to 
two nKKte.. to. i. to di£b«ne. b^^en to eo^n. value Of line. 60 and 61. i. equd to t™ 

tn», to «™r in to ducr cyde. Tta.. by detennining to DC diffeenoe betweo. to two 

n«»ie.. a calibration «g«a ,ep.«enting to calibration to to duty cy* 
oe input to the sounje for calibration 12. 

The second stage of the dynamic cahTjiation comprises cahTwrting a 
conversion element with respect to delay mismatrfi between sources. Fig. 7 shows an 
«can5,le of the switching delay cahT,ration of a conv^ion element. 12, widi respect to a 
refeience conversion element. mEF. Fig. 7 shows five gr^hs a>e). Each graph is a plot of 
current measured (j^axis) against time (x-axis). CSr^h a) shows a plot of the current 

producedbythereferencesourceinoneofthelegsdownstreamoflatchSCrefertoFig 4) if 
the latch switchesperiodicaUy. As described withreference to Fig. 1, the current through this 

leg as caUed IREFH- whUe the current through the other leg is caUed IREF-. Thus, at any one 

tune, either one of these two legs wiU carry the current mEF. whUe the other is zero The 
reference latch governs this process. Ihe same nomenclature is assigned to the legs of the 

source to be cahT^rated. llrus. with refermce to Fig. 7. for source number 2. the 
first and second 1^ will be 12- and 124.. respectively. Here, it is assumed, that if the data 
signal of a lat^^ is • 1 the latch wiU set the switches such that the '+'leg carries the source 
current and the '-'leg carries no current And therefore if the data signal is '0'. the '-'leg will 
cany the source cunrat while the •+'leg is zero. 

Thus, graph 7a) shows the current through leg IKEF+ during one cycle over 
^ and gr^ 7b) shows the current through leg I2-f during the same cyde. If it is assumed 
that the same data signal is applied to the latches 8 ofboth sources 12 and IREF thenitis 

clearfyseenthatthe latch ofKisdelayedbyanamountt^comparedto the latcLoflREF It 

»riowdescn^edhowtheDCcurrentmeasurerinthecahT,radonunitmea«^^^ 

To do this, firstly, the cunent through the ICp leg is examined. 

If the master switch is in the '0' position it can be assumed that the ICp leg is 

connectedbothtoIREF+and to 12. (refertoFig.4and7c). and therefore the IC. leg will be 
connected to IREF- and Obviously these connections win be exchanged when master 
switch adopts the • r position, so ICp is flien comiected both to IREF- and to 12+ and ICk is 
connected to IREF^ and 12-. Now. because the and signs of the two difierent sources 
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are always combined at liie ICp leg, only one of flie source cunents IREF and 12 will flow 
fliroug^ ICp if the data signal on both latdies is equaL And the other source current flows 

So, with the master switch in the 'O' position, the ICp leg carries a combination 
5 of the currents carried by IREF+ and I2-, which is equal to the current generated by one 
source if the data signals are equaL But if the data signal is the same for both latches, yet 
alternating, for instance ina...ll00110011... feshion, the current through the ICp leg wiU 
not be constant anymore if there is a delay, sudi as the one shown in Figs. 7a and 7b. The 
current through ICp will temporarily become zrao as shown in the first part of 7c vAtea the 
10 data signal changes firam high to low, because the latch of 12 is delayed compared to IREF. 

Now if tile data signal were to be changed back fixmi a low to a hi^ signal on 
both latches, ICp would ten^orarily carry the current of botb sources because the IREF latch 
would akeady switdi the current back to flie mEF+ leg while the U latch is delayed in taking 
the current away fix>m the 12- leg. This situation, however, is prevented from happening by 
15 switching the master switch 10 in advance of the data signal changing ftom low to high. As a 
result the ICn leg gets the double current vrbOiB the ICp leg receives zero again. This is shown 
m Figs. 7c & 7d, where the switching of the master switdi 10 is half a cycle behind the 
switching of the latches 8. So for instance, if the data signal appUed to the latches 8 has the 
aforementioned ...110011001100... pattern, the master switch 10 is arranged to switch 
20 accordingto the ...100110011001... pattern. 

Graph e) shows a plot over time of the output of the current difference 
measurer, which detramines, the current differmce over time between ICp and ICn, that is 
ICp-ICn. The average DC current denoted by reference sign 70 is determined ovct time. It has 
been found that flie delay error is proportional to the measured current This is because the 
25 average measured current is I multipUed by the ratio of time delay and the time period, where 
I is equal to I2=IREF (n.b. 12 is calibrated to be equal to QUBF), time delay (Tdelay) is equal 
to tile unwanted delay, and the time period (T^eriod) is tiie time at which tiie master switdi is 
in one position, for example, in mode 1. Thonefore, strictiy in order to determine the 
unwanted time delay (Tdelay) a calculation is reqdred. However, this is not necessary 

30 hecauseultirnately tiie en»rcun»nt is required to be detennined, and not the time direcfly. 
For one switch, tiiis error current is equal to I multiplied by the ratio of the unwanted time 
delay (Tdelay) and the clock duration (Tclock), witii tiie clock duration (Tclock) being tiie 
period a single data sample takes. So, if the...0011001 l...pattem is used, tiie clock duration 
(Tclock) is equal to half of tiie time period (Tperiod) tiie master switch is in one position, and 
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therefore, the error current that needs to be corrected is twice as large as fl»e measured DC 
current It will be understood that if the date pattern were, for exan^jle, 10 "zeros" followed 
by 10 -Is", the error current needed would be 10 times than that measured. Thus, it becomes 
more difficult to accurately determine the error current Therefore, preferably, the fector of 
the time period of the master switeh in one position (I^eriod) to the clock duration (Tclock) 
is kept to the minimum, whereby a fector of two is preferably, so that the master switrfi can 
be half a cycle later than the latches in switehing. 

Thus, in shorty it has been found that the delay error is proportional to the 
average DC current 70 minus the offeet error. lerr. In order to generate a calibration signal to 
correct for the del^ error, the ofl&et error. lerr. the ofi&et error is determined together with 
the error due to the switehing of the master switeh (which is not shown m the graphs in Fig. 
7) for subtraction fiom the average DC current 70. Thds is achieved by not switching the 
sources to be cah-brated and the reference source, but by choosing to switeh for a certain 
p^od only the master switeh. 

Whilst specific embodiments ofthe invention have been described above it 
wiU be appreciated that the invention may be practiced otherwise than as described. The' 
description is not intended to limit the invention. 
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CLAIMS: 



1 • A digital to analog converter coic^iising: 

- at least two conversion elanents; 

- and a conversion element selection unit for selecting in response to a muMbit 
digital inpvt signal from said at least two conversion elements a number of conv^on 

5 elements for connection to an ou^ut unit for ou^utting an analog signal: and 

- a calibration unit for compensating mismatoh between respective ones of said 
at least first and second conversion elements, 

- wl^rein said calibration unit is ad^ted to perform said mismatdi 
compensation in response to a compariscm of an output fi»m at least one of said conversion 

10 elements witb an output from a reference conversion unit 

2. A digital to analog converter according claim 1, wber&a said calibration unit 

comprises a unit fer calibrating said output of said at least one conversion element in 
response to said comparison of said ou^ut of said at least one conversion element with said 
IS ou^rat of said reference conversion means. 

3- A digital to analog converter according to claim 1, herein said calibration 

unit comprises a unit for a^'usting said conversion element selection unit in response to said 



20 



coiiq>arisQn. 



^- A digital to analog converter according to claim 1, wherein said calibration 

unit comprises a unit for determining the difference between said output of said at least one 
conversion element and said output of said reference conv^on element 



25 



^' A digital to analog converter according to claim 2, wherein said calibration 

unit is adapted to adjust the duty cyde of the respective latch connecting said at least one 
conversion element to said output unit in response to said comparison. 
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.6. A digital to analog coavBrter according to claim 2, wherein said calibration 

unit is adapted to adjust the switching delay of the respective latch connecting said at least 
one conversion element to said ou^ut unit in response to said coDq)arison. 

7. A digital to analog converter accordmg to claim 1 , wherein said reference 
conversion elanait is additional t» said at least two conversion elements. 

8. A digital to analog converter according to claim 1 . wherein said reference 
conversion element is selected ftom said at least two conversion elements. 

9. A method of converting a digital signal to an analog signal converter 
comprising the stqps at 

- providing a pluraUty of conversion elements and a reference 



ekmenl; 



an 



conversion 

- in response to said digital signal selecting fiom said at least two conversion 
elements a number of conversion elements; 

- combining the ou^uts of said selected conversion elements to provide 
analog signal; and 

cah-brating for mismatch between respective ones of said plurality of 
conversion elements, 

- wherein an output fix)m at least one of said conversion elements is compared 
with an ou^ut fiom a reference conversion unit and said caUbrating step is carried out in 
response to said coixparison. 



10. The method of converting a digital input signal into an analog oulput signal 
according to claim 9. wherem said cah-brating step includes the furth« step of modiQdng said 
selecting step in req)onse to said comparison. 

11. The method of converting a digital input signal into an analog ou^ut signal 
according to claim 12. wherem said caUbrating stg, includes the fiirther step of cahT,rating 
the output of said at least one conversion element in response to said conq)arison. 



12. 



A mismatch cahTwation unit for a digital to analog converter 



comprising: 



PHNL030568EPP 



19 18,06^003 

- a comparison unit for comparing outputs of first and second conversion units 
when input to the unit, and 

- a calculation unit for providing mismatch calibration signal to said 
conversion units when connected to the output of said calculation unit in response to said 

5 comparison. 



10 



13. A mismatch calibration unit according to claim 12, wherem said calibration 

signal is representative of an amount by which one of said outputs must be adjusted so as to 
calibrate for static mismatch of said conversion elements. 



14. A nodsmatch calibration unit according either of the preceding claims 12 or 13, 

wherein said calibration signal is representative of an adjustment amount of the duty cycle or 
of the switching delay of a latch connecting one of said conversion elements to an ou^ut unit 
so as to calibrate for dynamic mismatch of said conversion elements. 
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ABSTRACT: 



A digital to analog converter comprises a plurality of conversion elements as 
well as a reference conversion element and fbrther comprises mismatch calibration unit for 
calibrating at least one of the conversion elements in response to a comparison of that 
element's output with the output of the reference conversion element. The mismatch 
calibration unit calibrates the source with respect to static and (fynanoic mismatch by 
determining under varying circumstances the difference between ou^uts firom a conversion 
element and reference conversion element 
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